Background and Objectives Loxapine for inhalation is a drug-device combination product approved in adults for the acute treatment of agitation associated with schizophrenia or bipolar I disorder. The primary objective of this study was to develop a clinical trial protocol to support a phase I pharmacokinetic study in children aged 10 years and older. In addition, this report details the results of the clinical study in relation to the predicted likelihood of achieving the target exposure associated with therapeutic effect in adults. Methods A nonlinear mixed-effects population pharmacokinetic model was developed using adult data and was adjusted for the targeted pediatric age groups by applying allometric scaling to account for body size effects. Based on this pediatric model, age-appropriate regimens to achieve loxapine exposures similar to the ones associated with therapeutic effect in the adult studies were identified via trial simulation. D-optimal design and power analysis were conducted to identify optimal pharmacokinetic sampling times and sample size, respectively. Results The developed clinical trial design formed the basis of a phase I study to assess the safety and pharmacokinetics of loxapine for inhalation in children aged 10 years and older (ClinicalTrials.gov ID: NCT02184767). Conclusion The results of the study indicated that overall loxapine exposures were consistent with what had been predicted by the trial simulations. The presented approach illustrates how modeling and simulation can assist in the design of informative clinical trials to identify safe and effective doses and dose ranges in children and adolescents.
Introduction
Loxapine is a dibenzoxazepine compound, a subclass of tricyclic antipsychotic agents, chemically distinct from the phenothiazines, butyrophenones, and thioxanthenes [1, 2] . It may reduce agitation via antagonism of central dopamine (D 1 , D 2 , D 3 , and D 4 ) receptors and serotonin 5-HT 2a receptors. Loxapine 10 mg for inhalation (Adasuve Ò ; Alexza Pharmaceuticals, Inc., Mountain View, CA, USA for Teva Select Brands, a division of Teva Pharmaceuticals USA, Horsham, PA, USA) is a drug-device combination product using the Staccato Ò technology, which delivers the antipsychotic loxapine by oral inhalation [3] . Staccato loxapine represents a novel orally inhaled medication and has been approved for the acute treatment of agitation associated with schizophrenia or bipolar I disorder in adults [4] [5] [6] . Despite a very low incidence of bipolar I disorder diagnosed prior to age 10 years or schizophrenia diagnosed prior to age 13 years, data suggest that the prevalence of these psychotic disorders during the adolescent years can be as high as that of the adult population [7, 8] . A recent clinical trial and case report indicate that loxapine (5-15 mg; formulation unidentified) can successfully treat irritable adolescents with good efficacy and tolerability [9, 10] . These findings have prompted an evaluation of the safety, efficacy, and pharmacokinetics of loxapine for inhalation in children and adolescents.
In adults, administration of loxapine for inhalation results in rapid absorption, with a median time to maximum plasma concentration (t max ) of 2 min and a mean terminal half-life of approximately 6 h [11] . Loxapine is metabolized extensively by cytochrome P450 enzyme (CYP) isoforms including CYP1A2, CYP2D6, and CYP3A4 in the liver with multiple metabolites formed [12] . The major metabolite, 8-OH-loxapine, is not pharmacologically active. Other metabolites include 7-OHloxapine (active) and N-oxides of loxapine (inactive) [12, 13] . Loxapine is also metabolized to amoxapine, a tricyclic antidepressant [13] . A substantial proportion of loxapine and its metabolites is excreted within the first 24 h after drug administration, mainly through the urine (56-70%) and, to a lesser extent, via the feces (15-22%). Loxapine exposure was shown to be dose proportional over the evaluated dosing range from 0.625 to 10 mg [11] .
The objective of the current study was to develop a pediatric pharmacokinetic (PK) population model for loxapine to be used for clinical trial simulations in support of dose selection, sampling strategy, and sample size determination for a phase I study in pediatric patients aged 10-17 years, inclusive. The actual data observed in the pediatric phase I PK study were compared with the predicted exposures from the modeling and simulation analysis.
Methods

Pediatric Population Pharmacokinetic Model Development
Adult Population Pharmacokinetic Model
In the first step, a population PK model was constructed on the basis of loxapine concentration data in healthy adults after administration of loxapine for inhalation as part of two phase I studies [11, 14] . Subject characteristics and study information are summarized in Online Resource 1. A total of 884 plasma concentrations collected at multiple time points over 24 h in 71 healthy adult subjects was available for population PK modeling. Plasma samples were assayed for loxapine and its metabolites using a validated liquid chromatography tandem mass spectrometry assay [15] . Population PK analysis was conducted by nonlinear mixed-effects modeling with NONMEM software, version 7.2.0 (ICON Development Solutions, Ellicott City, MD, USA). The first-order conditional estimation with interaction method was employed throughout [16] . Shrinkage for inter-individual variability and residual errors was estimated as part of diagnostic assessments [17] . Visualization of NONMEM output was implemented with the Xpose4 package in R (version 3.0.3) [18] . The inter-individual variability model was described as:
where h i represents the value of the PK parameter h for the ith subject and h TV is the typical value of parameter h. The deviation of h from the mean h TV was approximated with g i , which was assumed to follow a normal distribution with a mean of 0 and a variance of x 2 (i.e., g i * N[0, x 2 ]) [19] . The residual variability was described by a combined additive and proportional model, but other residual error models, such as exponential, additive, or proportional, were also examined. The combined additive and proportional residual model was described as:
where C ij represents the jth observed concentration in the ith individual,Ĉ ij is the jth model predicted concentration in the ith individual, and e pij and e aij are the proportional and additive residual random errors, respectively. e pij and e aij are assumed to be independently normally distributed with a mean of 0 and a variance of r 2 (i.e., e pij * N[0, r p 2 ] and e aij * N[0, r a 2 ]) [19] . A variety of possible compartmental PK models was explored. Model selection was based on various goodnessof-fit indicators, including visual inspection of diagnostic scatter plots, comparisons based on the minimum objective function value, and evaluation of the estimates of population fixed and random effect parameters [16] .
Demographic data including age, body weight (WT), height, sex, race, body mass index, body surface area, and smoking status were evaluated as part of the covariate analysis, which used a stepwise forward addition and backward elimination approach. The difference in the objective function values from nested models was assumed to be v 2 distributed. Drops in the objective function value of C3.84 (p \ 0.05) in the forward selection and C6.63 (p B 0.01) in the backward elimination were used as selection criteria. The formulation of a covariate analysis was described as:
The typical value of a model parameter (TVP) was described as a function of m individual continuous covariates (cov mi ) and p individual categorical (0-1) covariates (cov pi ), such that h TVP is an estimated parameter describing the typical PK parameter value for an individual with covariates equal to the reference covariate values (cov mi = ref m , cov pi = 0). h m and h(p ? m) are estimated parameters describing the magnitude of the covariate-parameter relationships.
Model Validation
Non-parametric bootstrap analysis was performed with 1000 resampled datasets, and the estimated means and 95% confidence intervals (CIs) of parameter estimates were compared with the final model estimates. Models with a [10% difference in the estimated means or with a 95% CI containing zero were rejected [20, 21] . The final model was also evaluated by a visual predictive check, where the final model was used to simulate 1000 datasets and the real data observations were compared with the distribution of the simulated concentrations [22, 23] .
Pediatric Population Pharmacokinetic Model
To account for the effects of growth, WT was included in the pediatric model, which used an allometric scaling component on clearance (CL) and volume of distribution (V), with respective power coefficients of 0.75 and 1.0 [24, 25] , as presented below [26] :
This methodology is considered reasonable in children aged 6 years and older, as indicated by recent systematic assessments [27] [28] [29] ; however, its theoretical basis is still under discussion [30] [31] [32] and, in younger children, in addition to the body size effect, specific drug properties, such as protein binding and metabolism, as well as maturation, should be taken into consideration for PK parameter prediction [27] . A maturation function was not included in the model, as the PK study was to be performed in children aged C10 years when maturation of metabolism is assumed to be complete [24, 25] .
Clinical Trial Simulations
The primary purpose of this trial simulation was to select an age-appropriate dose for a phase I trial in children aged 10 years and older. The study was designed on the premise that it was reasonable to assume a comparable exposureresponse relationship in children aged 10 years and older and in adults [33] . Using the pediatric population PK model, predicted PK profiles after inhalation of different loxapine dose concentrations (1.25, 2.5, 5, and 10 mg) were generated in a virtual pediatric population. Allometric scaling was included in the model by default to take body size effects into account. Inter-patient variability and residual errors were assumed to be the same as in the adult model. A total of 8000 pediatric patients aged 10-17 years, inclusive, were randomly sampled (age-matched WT) from the US Centers for Disease Control and Prevention-National Health and Nutrition Examination Survey (CDC-NHANES) database and comprised the simulated population dataset. External data that were not part of the database (kindly provided by the Division of Child and Adolescent Psychiatry at the Cincinnati Children's Hospital Medical Center, Cincinnati, OH, USA) were plotted alongside the model predictions to assess the model's applicability to external data sources.
For the definition of the target exposure in pediatric patients, an exposure-response relationship similar to that observed in adults was assumed. Loxapine target exposure parameters were the peak concentration (C max ) and area under the concentration-time curve (AUC) data at 0-2 h (AUC 0-2h ) and at 0-24 h (AUC 0-24h ) after a single inhaled dose, as observed in the adult healthy volunteers studies at the 5-and 10-mg loxapine dose concentrations. These exposure targets were chosen because of their association with good efficacy and minimal adverse events in the adult studies. AUC 0-2h and AUC 0-24h were estimated based on the trapezoidal rule for each individual with the R package metrumrg [34] . Maximum plasma concentration was defined as the highest plasma concentration in the observed concentration-time profile. Four age cohorts were used for summary purposes covering the age range of 10-17 years, inclusive: 10 to \12 years, 12 to \14 years, 14 to \16 years, and 16 to \18 years. Twelve WT cohorts (10-kg WT increase per group) were defined to cover the WT range of 20-130 kg, with the last cohort representing a WT range of 130-215 kg.
The distributions of AUC 0-2h , AUC 0-24h , and C max values were compared with the target exposures associated with the efficacy and safety of loxapine in adult patients to choose the optimal dose and appropriate WT cutoffs. The reference values for AUCs and C max were based on what was observed in the adult studies and are summarized in Table 1 . For each age and WT cohort, doses and related exposures were targeted to have more than 95% of patients with predicted exposures within the defined minimum and maximum AUC ranges. In addition, more than 2% of patients with exposures above the maximum AUC levels and C max were defined as not acceptable.
Optimal Sampling Design and Sample Size Estimation
To identify the most informative sampling times and number of samples required to robustly estimate individual PK parameters, a D-optimal design analysis was performed using WinPOPT version 1.2 (WinPOPT Development Team, School of Pharmacy, University of Otago, Dunedin, New Zealand) [35] . D-optimal design was conducted with the following constraints: all samplings were to be collected within 12 h after drug administration, with additional samples drawn 24 and/or 48 h post-dose. In addition, the earliest possible sampling time was 1 min after drug administration, with only one sample allowed from 1 to 3 min. To estimate all of the primary PK parameters similar to those in the adult PK model, the number of sampling points was set at 7. Feasibility of the resulting sampling schedules was evaluated with input from the clinical team. A power analysis was performed to determine the appropriate number of patients required for the pediatric PK study [36] . We used the recently proposed 80% power criterion to be able to estimate the 95% CI within 60 and 140% of the geometric mean estimates of the PK parameters of interest (i.e., CL and V) in pediatric patients [25] .
To satisfy the quality criterion, different candidate samplesize scenarios were tested using a simulation and fitting procedure after the appropriate dose and optimal PK sampling schedule were identified. Five hundred replicate trials in pediatric subjects were simulated using the developed pediatric PK model with the proposed design and candidate sample-size scenarios. Simulated plasma concentration profiles were fit using the first-order conditional estimation with interaction method in NONMEM 7.2, and the 95% CIs for loxapine apparent clearance (CL/ F) were obtained using the standard error estimates for each replicate. The power was calculated as the proportion of replicates with a 95% CI that did not fall outside the referenced 60 and 140% of the mean estimates.
Comparison of Modeling and Simulation
Results with the Pediatric Phase I Clinical Trial Data
The phase I study in pediatric patients (ClinicalTrials.gov registration number NCT02184767) was completed under a study protocol supported by the described modeling and simulation work. The complete results of this study will be reported separately elsewhere. Briefly, 30 children and adolescents with any condition warranting long-term use of an antipsychotic medication were enrolled in the study. Patients were administered 2.5, 5, or 10 mg of loxapine depending on dose allocation by WT subgroup. To better understand the early loxapine exposure, sampling times suggested by D-optimal design were modified and blood samples were collected predose, at 2, 5, 15, and 45 min, and at 2, 4, 8, 24, and 48 h after administration of loxapine. These phase I pediatric PK data were analyzed with NONMEM, in a similar fashion as described in Sect. 2.1. A total of 300 plasma concentrations from 30 pediatric AUC 0-2h area under the concentration-time curve at 0 to 2 h, AUC 0-24h area under the concentration-time curve from 0 to 24 h, C max maximum plasma concentration patients were available for analysis. The pediatric PK parameter estimates obtained from the PK analysis were evaluated and compared with the typical predicted pediatric parameter estimates obtained in the initial clinical trial simulations. In addition, the individual exposure estimates, including AUC 0-2h , AUC 0-t (where t = 48 h), and C max , were compared by graphically superimposing the data onto the parameter distributions predicted by the initial trial simulations.
Results
Adult and Pediatric Pharmacokinetic Model Development
A three-compartment model with first-order absorption best described the adult data. Adding a lag time to the absorption phase did not significantly improve the model fit. A schematic of the base model is shown in Online Resource 2. Because intravenous data were not available, the absolute bioavailability (F) of loxapine was not defined and the model was parameterized as CL/F, apparent intercompartmental CL (Q 3 /F, Q 4 /F), and apparent V (V c /F, V 3 / F, V 4 /F) with a first-order absorption rate-constant Ka. None of the tested covariates (age, WT, height, sex, race, body mass index, body surface area, and smoking status) significantly decreased variability in CL/F or V c /F. The correlation between CL/F and V 2 /F was low with a covariance of 0.139.
Goodness-of-fit criteria revealed that the final model provided a good description of the loxapine PK data. Model validation results further demonstrated that the final model adequately described the observed data without any bias. The performance results of the population PK model are presented in Online Resource 3. Observed concentrations vs. population-predicted concentrations and individual-predicted concentrations were tightly grouped along the line of identity. Conditional weighted residuals (CWRES) were homogeneously distributed around the zero line with only one concentration that had a |CWRES| C4. The VPC also demonstrated the validity of the final model (Online Resource 4). The final population PK parameters of loxapine in adult patients are presented in Table 2 . The pediatric model used in the clinical trial simulations to support the phase I study design had a structure and parameters similar to those of the adult model but included allometrically scaled loxapine CL and V to account for differences in body size.
Clinical Trial Simulations
The NHANES pediatric age-WT distribution used for the clinical trial simulations in the virtual pediatric population is presented in Fig. 1 . To verify the age-matched WT distribution for this group of patients aged 10-17 years, inclusive, we compared the NHANES data with age-WT pairs obtained from 159 psychiatric inpatients at our institution (Fig. 1, psychiatric patient data) . No obvious deviations were observed except that there are several CI confidence interval, CL/F apparent clearance of loxapine, Ka rate constant of absorption of loxapine, prop proportional, Q 3-4 /F apparent intercompartmental clearance, RSE relative standard error, V c,3-4 /F apparent volume of distribution, x 2 variance of between-subject variability patients with extremely low WT in the psychiatric patient cohort. Predicted loxapine exposures were generated across the 10-to 17-year-old, inclusive, age groups, with WT ranging from 20 to 215 kg. The predicted values of C max , AUC 0-2h , and AUC 0-24h and their association with age and WT were evaluated. Maximum plasma concentration was not well predicted by age or WT (R 2 \ 0.10). AUC 0-2h and AUC 0-24h showed an association with age, but were better predicted by WT (R 2 of 0.19 and 0.21 vs. R 2 of 0.46 and 0.51, respectively). Body weight, therefore, was chosen as the primary metric in the simulation analysis to define loxapine dose requirements. In patients weighing less than 50 kg, the predicted drug exposure after a 2.5-or 5-mg dose was comparable with that observed in adults after a 5-or 10-mg loxapine dose, respectively. In both scenarios, [95% of patients had predicted drug exposures within the defined target AUC range, with \0.1% of the pediatric patients having predicted exposures above the maximum AUC values. In patients weighing more than 50 kg, the 5-and 10-mg doses provided loxapine exposures comparable to those observed in the adult studies after 5-and 10-mg doses ([95% of the patients had predicted AUC levels within the AUC reference ranges). Figure 2 shows the distribution of predicted AUC 0-24h values at the four selected dose levels (columns D-G) compared with the adult reference values (columns A, B, and C). The reference ranges for the AUC 0-24h and AUC 0-2h levels overlap with the AUCs in the 2.5-and 5-mg dose groups. The predicted AUC 0-24h and AUC 0-2h values with the 1.25-mg dose were mostly below the reference ranges, whereas the 10-mg loxapine dose led to higher-than-desired predicted AUC 0-24h and AUC 0-2h levels in patients weighing \50 kg.
Based on predicted loxapine exposures that were shown to be safe and effective in the adult studies, a loxapine dose of 2.5 or 5 mg was suggested for patients with a WT in the range of 20-50 kg, and a dose of 5 or 10 mg was suggested for patients weighing [50 kg. The results of the clinical trial simulations of loxapine exposure (expressed as AUC 0-24h and C max ) using the proposed doses in pediatric patients compared with the observations in adult subjects are summarized in Fig. 3. 
Optimal Sampling Design and Sample Size
Taking feasibility into consideration, the proposed sampling schedule was 1-3, 10, and 40 min and 4, 8, 24, and 48 h post-dose. Power analysis suggested that enrollment of at least 20 pediatric patients would result in CL/F estimation with [80% power. A much larger number of patients ([100) would be required to satisfy the criterion for estimation of V c /F unless several early time points were to be included in the sampling design. This would have hampered study feasibility and given that total drug exposure (AUC) is determined in large part by CL, sample size justification in the proposed design was based primarily on estimation of CL.
Based on these results, the clinical protocol was projected to enroll up to 30 patients with the intent that at least 20 patients would complete the study. Above-mentioned D-optimal sampling time points were later revised, and blood samples for PK analysis were to be obtained before administration of inhaled loxapine, and then at 2, 5, 15, and 45 min, and at 2, 4, 8, 24, and 48 h following administration of inhaled loxapine. Study patients would be randomized into two cohorts. Each cohort would consist of 15 patients who would receive a loxapine for inhalation dose of 2.5, 5, or 10 mg, depending on WT.
Loxapine Pharmacokinetics in Pediatric Patients
The phase I study to assess the safety and pharmacokinetics of loxapine for inhalation was conducted in pediatric patients according to the design recommendations resulting from the modeling work. A complete description of this study will be reported elsewhere. Here, we present the PK data to compare the actual pediatric results with what was predicted by the earlier modeling and simulation analysis. A total of 30 patients with a median age of 13 years (range 10-17 years) and median WT of 50.2 kg were enrolled. Study patients comprised 17 female individuals (56.7%) and 13 male individuals (43.3%). A summary of the demographic data of the pediatric patients in this study is Figure 1 presents the age-WT data of the pediatric patients participating in the PK study in comparison with the NHANES data used in the clinical trial simulations. The pediatric PK data were well described by a similar three-compartment model (Online Resource 2). Owing to the relatively sparse sampling during the absorption phase in the pediatric study, the first-order absorption rate constant Ka was fixed to the adult value. Of the covariate factors tested, none significantly decreased variability in CL/F and V c /F. Goodness-of-fit criteria revealed that the final model provided a good description of the loxapine PK data (Online Resource 6). The final population PK parameter estimates of loxapine in pediatric patients and results from the bootstrap analysis are listed in Table 2 . Model validation results, including the bootstrapping analysis and VPC, indicated that the final model appropriately described the observed data and that no bias remained (Online Resource 7).
In both lower-dose groups (Cohort 1), several patients had AUC 0-2h , AUC 0-t , and C max values slightly lower than the target ranges as observed in the adult studies (Fig. 4) . However, most of the values were in good agreement with the predictions in the clinical trial simulations. In both higher-dose groups (Cohort 2), nearly all patients had AUC 0-2h , AUC 0-t , and C max values within the adult target range and the observed PK data coincided with the clinical trial predictions (Fig. 4) . Overall, both cohorts had Retrospective power analysis showed that the data collected in 30 pediatric patients participating in this phase I trial resulted in precise estimation of CL/F and V c /F, as indicated by respective power estimates of 100 and 78%. These parameter estimates, which largely determine total systemic exposure (AUC), exceeded or were in line with the precision criterion of 80% as suggested recently [36] .
Discussion
This study describes the application of population modeling and clinical trial simulation as part of the design of a clinical trial of loxapine for inhalation in children and adolescents. Included in the rationale for the study design was an assumption that there was a comparable exposureresponse relationship for inhaled loxapine in children 10 years of age and older to that observed in adults. Results of the simulations were then verified with the actual pediatric PK data observed in a phase I study in children and adolescent with psychiatric disorders. The pediatric population PK model of loxapine was based on adult data and included an allometric component to account for the effects of differences in body size on PK parameter estimates in the targeted pediatric patient population. In addition, the simulations used realistic age-matched WT data specific to the children and adolescents with psychiatric disorders. The clinical trial simulations with the pediatric model were considered instrumental in the evaluation of to-be-expected loxapine exposures at different dose concentrations as part of the phase I study design. Different dose concentrations were evaluated, and, based on the exposure levels associated with a 5-or 10-mg loxapine dose as observed in the adult studies, loxapine doses of 2.5 or 5 mg in patients weighing 20-50 kg and loxapine doses of 5 or 10 mg in patients weighing more than 50 kg were selected for the clinical study.
An optimal sampling strategy was developed to minimize the number of blood samples collected while maximizing the robustness of PK parameters of loxapine in pediatric patients. A sampling strategy suggested by D-optimal design involving seven blood samples over a 48-h period in 20 pediatric patients was found to be required for precise estimation of loxapine CL. To better describe early exposure of loxapine, two additional sampling times were added during clinical trial protocol development. The adequacy of this design was subsequently confirmed by the findings from the clinical PK study in children and adolescents with psychiatric and Nutrition Examination Survey (CDC-NHANES) database. Red, orange, and green lines represent the first quartile, median, and third quartile of the observations in the adult studies. AUC 0-24h area under the concentration-time curve from 0 to 24 h, C max maximum plasma concentration, Obs observed exposure (AUC 0-24h ) and C max level in the adult study at the listed dose level, Sim simulated exposure (AUC 0-24h ) and C max in the pediatric study at the listed dose level disorders. The PK parameters in the modeling were precise and unbiased. The total drug exposure of inhaled loxapine in the pediatric phase I study was slightly lower but within a range similar to that observed in the adult studies. However, the estimates for loxapine CL and V in the pediatric study patients were higher than what was predicted by the simulations. One possible explanation is that this is the result of differences in the total amount of loxapine delivered to the lungs, especially in the younger patients. Drug delivery to the lung can be reduced in younger patients as a result of differences in physiology and coordination [37] . In addition, motor skill disabilities could also be related to psychiatric disorders and hence caused reduced absorption. A recent review highlighted a high prevalence of impaired motor coordination in children and adolescents with psychiatric disorders [38] .
Despite the differences in pediatric PK parameter estimates, loxapine peak concentrations (C max ) and early and overall exposures (expressed as AUC 0-2h and AUC 0-24h ) in this pediatric study group were all well within the ranges observed in the adult studies (Figs. 4, 5 ). As such, the findings of this study are confirming what was predicted by the clinical trial simulations and will be used to further inform the design of future loxapine phase III studies in children. One consideration for dosing selection in future pediatric studies is related to potential safety issues (e.g., unexpected higher sensitivity of children to adverse events or unexpected differences in true CL). If the higher loxapine CL in the current phase I trial suggests the need for a higher dose or a different WT cut-off for dose selection, this should be evaluated based on loxapine exposure (pharmacokinetics) and, most importantly, on safety and clinical response data in children.
Conclusion
The presented population PK modeling and simulation analysis applied to inhaled loxapine represents an attractive approach in support of pediatric clinical trial design in children and adolescents, and will help to optimize dosing strategies to achieve the desired efficacy of a given treatment in pediatric patients. 
